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Daily variations in cGMP, guanylate cyclase and phosphodiesterase activity in golden hamster 
retina were studied. Cyclic GMP content exhibited significant variations throughout he 24.hr cycle 
with maximal values during the dark phase. In order to establish the relative participation of 
nucleotide synthesis and breakdown during a 24-hr cycle, guanylate cyclase and phosphodiesterase 
activity were measured in hamsters killed at eight intervals. Guanylate cyclase activity increased at 
night, peaking at 22.00 hr. Phosphodiesterase activity did not change significantly throughout he 
light-dark cycle. Light exposure during the night inhibited the nocturnal increase in cGMP content 
and guanylate cyclase activity, while phosphodiesterase remained unchanged. From these results, it 
might be presumed that in response to continuous (in a range of hr) light or dark stimuli, the retina 
would process the photic signal in a different way from that in the short term (in a range of msec). 
Copyright © 1996 Elsevier Science Ltd. 
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INTRODUCTION 
It is widely accepted that visual excitation in retinal rod 
cells is mediated by a light-induced cascade that leads to 
the amplified hydrolysis of cGMP (McNaughton, 1990). 
The reduction in cGMP concentration causes the closure 
of plasma membrane Na+/CaE+/Mg 2+ channels gated by 
cGMP and hyperpolarization f the cell (Fesenko et al., 
1985; Zimmermann & Baylor, 1986; Haynes et al., 
1986). A requirement for this pathway is a rapid 
activation in response to light and a rapid inactivation 
at the offset of light (Arshavsky et al., 1991). In fact, the 
role of cGMP in the phototransduction mechanism has 
been elucidated by the contribution of several groups 
through protocols that use, without exception, the 
experimental paradigm of exposing photoreceptors or
whole retinas adapted to darkness, to a very short light 
flash (generally in a range of msec) (Ertel, 1990; Kraft et 
al., 1993; Heck & Hofmann, 1993). However, under 
physiological conditions, the retina is exposed to steady 
light (in a range of hr) followed by a dark period of a 
comparable duration, normally called photoperiod. In 
order to examine some of the biochemical changes during 
the photoperiod, daily variations in cGMP content, 
guanylate cyclase and phosphodiesterase activity were 
measured in the golden hamster etina. 
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MATERIALS AND METHODS 
Reagents and Drugs 
Bovine serum albumin (BSA), 3-isobutyl-l-methyl- 
xanthine (IBMX) and cGMP were obtained from Sigma 
Chemical Co (St Louis, MO, U.S.A.), [3H]-cGMP and 
[ot32p]-GTP were purchased from New England Nuclear 
Corp (Boston, MA, U.S.A.), while alumina and Dowex 
were purchased from Bio-Rad Laboratories (Richmond, 
CA, U.S.A.). 
Animals and Tissues 
Male golden hamsters (Mesocricetus auratus) (average 
weight 120 + 20 g) were obtained from a local dealer, 
derived from a stock supplied by Charles River Breeding 
Laboratories (Wilmington, MA, U.S.A.). The animals 
were kept under a photoperiod of 14 hr of light-10 hr of 
darkness (lights on at 06.00 hr), with free access to food 
and water. To examine the effect of light during the night 
on cGMP content, guanylate cyclase and phosphodies- 
terase, the animals were kept under continuous light for 
up to 8 hr after the time of expected light-dark transition. 
The animals were killed by decapitation, the eyes 
enucleated, and the retinas excised. Killing of animals, 
extraction of retinas and in vitro incubations (in the case 
of dark-exposed hamsters) were carried out under dim red 
light. 
Cyclic GMP Radioimmunoassay (RIA) 
The excised retinas were homogenized in 1 ml of 1 M 
perchloric acid. Samples were stored at 4°C until 
purification. The homogenates were centrifuged at 
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5000 g for 5 min at 4°C. The supernatants were purified 
by sequential chromatography on alumina (AG 7, 100- 
200 mesh) and Dowex 50W-X8 (H + form). Samples were 
applied on alumina columns (2.5 cm long), previously 
washed with 5 ml of 0.1 M imidazole, 2 ml of 200 mM 
ammonium formate, and 16 ml of water, and sequentially 
washed with 4 ml of water, 5 ml of 0.6 M HC1 in 95% 
ethanol, 5 ml of 50% ethanol, and 2 ml of water. Finally, 
4 ml of 200 mM ammonium formate was added to elute 
nucleotides which were collected directly on Dowex 
columns (4.5 cm long). Cyclic GMP was then eluted with 
3 ml of water. Columns were calibrated for recovery 
using external standards of [3H]-cGMP run with each 
assay (recoveries were usually 70-85%). Cyclic GMP 
content was measured by RIA. Aliquots of cGMP- 
containing fractions and standards were acetylated with 
acetic anhydride/triethylamine. The acetylated samples 
and the standard curve were mixed with [125I]-cGMP 
(15,000-20,000 cpm, specific activity 140 mCi/mmol) 
and a rabbit antiserum supplied by Chemicon Interna- 
tional Inc, diluted l : 150, and incubated overnight at 4°C. 
The antibody complex was precipitated with ethanol 
using 2% bovine serum albumin as a carrier, centrifuged 
at 2000g for 30 min, and separated by aspirating the 
supernatants. The radioactivities were measured in a 
gamma counter. The standard curve was linear in the 
range of 10-5000 fmol of cGMP. 
Guanylate Cyclase Activity 
The retinas were homogenized in a buffer solution 
(40 mM Tris-HCl, pH 7.6, containing 1mM of PMSF). 
Guanylate cyclase activity was determined by the method 
of Domino et al. (1991), with some modifications. 
Reaction mixtures contained 50/~1 of a buffer stock 
solution (40 mM Tris-HCl pH 7.6, 6 mM MnC12, 2 mM 
IBMX, 2mM cGMP, 1 mg/ml BSA, 0.6mg/ml of 
creatine kinase and 13.24 mg/ml of creatine phosphate, 
[:t32P].-GTP (700,000cpm per assay tube, specific 
activity 1500-3000 Ci/mmol), 25/~1 of 0.5 mM GTP 
and 25/.tl of the enzyme source. To determine the 
enzymatic kinetic parameters (Kin and Vmax), six 
concentrations of unlabeled GTP (0.025-1 mM) were 
assayed. Tubes were incubated at 37°C for 15 min. Then, 
100/,tl of 30 mM EDTA were added and [0~32p]-cGMP 
was separated from unreacted substrate and other [32p]_ 
containing compounds by column chromatography on 
neutral alumina (AG 7, 100-200 mesh, Bio-Rad Labora- 
tories). Non-enzymatic formation of cGMP was tested by 
adding buffer from the enzyme source or a heat- 
inactivated enzyme solution. The radioactivities of the 
samples were determined in a scintillation counter. 
Recoveries from the columns were determined with a 
tracer amount of [3H]-cGMP in the samples. (Recoveries 
were usually 70-80%.) 
Phosphodiesterase Activity 
Phosphodiesterase activity was determined by the 
method of Thompson et al. (1974), with minor 
modifications. Individual retinas were homogenized in 
300 ~l of cold distilled water, and centrifuged at 12,000 g 
for 15 min at 4°C (phosphodiesterase source). The final 
reaction contained 40 mM Tris-HC1 (pH 8.0 at 37"C), 
8 mM 2-mercaptoethanol, 5 mM MgC12, 100 ~M cGMP, 
1 mM GTP, [3H]-cGMP (80,000cpm/tube, specific 
activity 15 Ci/mmol) and 50/~1 of tissue aliquots (final 
volume of 100 itl). Tubes were incubated at 3TC for 10 
rain. The reaction was stopped by boiling the tubes for l 
min. Samples after chilling, were incubated for 10 min at 
30°C with 50/d of 5'-nucleotidase (1 mg/ml distilled 
water), to allow conversion of 5'-GMP to guanosine. The 
unreacted cyclic nucleotides were removed by adding 
1 ml of resin (Dowex 1 × 8, 200--400 mesh, Sigma 
Chemical Co) plus 3 parts methanol. After centrifugation 
at 900g for 15 rain at 4°C, the supernatants were 
collected to determine radioactivity in a scintillation 
counter. A heat-inactivated nzyme solution was used as 
a blank for the assay. 
Protein was determined by the method of Lowry et al. 
(1951) using BSA as a standard. Statistical analysis of 
results was made by a two-way analysis of variance 
(ANOVA) followed by a Tukey's or a Student's test. 
RESULTS 
Figure 1 depicts the daily changes in cGMP levels in 
the retinas of golden hamster killed at eight different 
intervals through a 24-hr cycle. Cyclic GMP levels 
exhibited significant daily variations, showing maximal 
values during the dark phase. The nucleotide rose 
immediately after lights off and peaked at 24.00 hr. 
Daily variations in guanylate cyclase activity are 
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FIGURE 1. Daily variations in cGMP levels in golden hamster retina. 
Data are mean ± SEM (bars) values (n = 15-20 animals per group). 
Cyclic GMP levels howed significant daily variations (P< 0.01 by 
ANOVA). Levels of cGMP during the night were significantly higher 
than the corresponding levels during daytime (*P < 0.05 by Tukey's 
test). 
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FIGURE 2. Retinal guanylate cyclase activity through t e 24-hr cycle. 
Data are mean + SEM (bars) values (n = 20 animals per group). 
Guanylate cyclase activity showed significant daily variations 
(P<0.01 by ANOVA), the values during the night (except for 
04.00 hr) being significantly higher than the corresponding values 
during daytime (**P < 0.01, *P < 0.05, by Tukey's test). 
with maximal values at night, the maximum (22.00 hr) 
preceding that of cGMP content. Figure 3 depicts the 
kinetics of guanylate cyclase activity in golden hamster 
retinas excised at 12.00 and 24.00 hr. Vmax of retinal 
guanylate cyclase at 24.00 hr (1.068 ± 0.083, nmol/mg 
prot min) was significantly higher than that at 12.00 hr 
(0.351 + 0.025, nmol/mg prot min), while Km remained 
unchanged (0.455 + 0.15 and 0.497 4- 0.06 mM at 12.00 
and 24.00 hr, respectively). 
No significant changes in phosphodiesterase activity 
were detectable as a function of the time of sacrifice (Fig. 
4). 
Light during the dark phase abolished the increase in 
cGMP levels and guanylate cyclase activity as shown in 
Table 1. Phosphodiesterase activity did not change 
significantly by the effect of light. 
DISCUSSION 
The above results indicate that in the hamster etina, 
cGMP content varied significantly during a 24-hr period, 
exhibiting maximal values during the dark phase. 
In photoreccptors, cGMP has been identified as the 
intracellular messenger controlling the ion channels that 
generate light-evoked membrane hyperpolarization. Ab- 
sorption of .light isomerizes rhodopsin's retinal chromo- 
phore from the 11-cis to the all-trans configuration, 
causing the protein to become enzymatically active. 
Active rhodopsin catalyzes the replacement of GDP by 
GTP on the G protein transducin (T). T-GTP activates 
cGMP phosphodiesterasc, which hydrolyzes cGMP. In 
darkness, cGMP binds to the ion channels and holds them 
open. Light-triggered hydrolysis of cGMP allows the 
channel to close, interrupting an inward current of Na*, 
60' - -  
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FIGURE 3. Graphical determination of the apparent Vm~ and Km 
values of guanylate cyclase activity in the retina of hamsters killed at 
12.00 or 24.00 hr. Slopes and Y-intercepts were calculated by the 
method of least squares. Each point represents mean values from 
triplicate samples using five hamsters per group; differences among 
triplicates were less than 10%. In this experiment, representative of 
three, apparent Km (raM) and Vm~ (nmol/mg prot/min) values in this 
experiment were 0.738, 0.618; 0.341, 1.046 at 12.00 and 24.00 hr, 
respectively. Mean 4- SEM for Vm~, and Km (n = 3) are mentioned in 
the text. 
Ca 2+ and Mg 2+. The resulting membrane hyperpolariza- 
tion lowers the rate of transmitter release from the 
synaptic terminal, triggering responses in second-order 
cells (Kuhn, 1984; Liebman et al., 1987; Stryer, 1987). 
As shown herein, the drop in cGMP concentration 
induced by a light flash (Woodruff & Bownds, 1979) 
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F IGURE 4. Retinal phosphodiesterase activity through the 24-hr cycle. 
Data are mean -i- SEM (bars) values (n = 15-20 animals per group). No  
significant differences were found among intervals as assessed by 
ANOVA.  
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TABLE 1. Effect of light during night hours on cGMP content, guanylate cyclase and phosphodiesterase activity in golden hamster etina 
22.00 hr 24.0(I hr 02.011 hr /14./I11 hr 
cGMP content (pmol/mg of protein) 
Dark 58.5 ± 4.8 (10) 70,5 ± 3.3 (11) 62.1 ± 3.2 (9) 48.9 ± 2.5 (9) 
Light 35.1 ± 4.5 (8)** 45.1 ~ 3.5 (11/)** 33.4 ± 3.4 (9)** 30.9 ± 2.5 (10ft* 
Guanylate cyclase activity (nmol/mg of 
protein, min) 
Dark 1.651 ± 0.043 (11) 1.308 ::k 0.050 (9) 1.018 ± 0.1153 (12) 0.843 i 0.025 (101 
Light 0.539 ± 0.031 (8)** 0.507 ± 0.014 (7)** 11.495 ± t).1139 (8)** /I.487 ± I)./)41) (7)** 
Phosphodiesterase activity (nmol/mg 
of protein, rain 
Dark 2.33 ± 11.24 (12) 2.86 ± 0.41 (10) 2.17 :t_/).35 (9) 2.15 ± 0.13 (1111 
Light 2.67 5:0.25 (7) 2.72 5- 11.13 (7) 2.75 ± 0.18 (8) 2.32 ± 0.21 (7) 
The hamsters were killed at 22.00, 24.00, 02.00, and 04.110 hr. The retinas were excised and cGMP content, guanylate cyclase and 
phosphodiesterase activity were determined as described in Materials and Methods. Light significantly inhibited the nocturnal increase in 
both cGMP content and guanylate cyclase activity. Phosphodiesterase activity did not show significant changes. Data are mean ± SEM 
values (7-12 animals per group). **P < 0.01, by Student's t test. 
range of hours, light cGMP levels being significantly 
smaller than dark levels. Retinal cGMP concentration 
during the light phase did not drop to zero but reached a
stable plateau with continuous illumination, indicating 
that a new steady state has been attained. This is in 
accordance with earlier observations (Goldberg et al., 
1983; Kawamura & Murakami, 1986) that the rates of 
synthesis and breakdown of cGMP are increased to 
approximately equal extent in steady light and the flux of 
cGMP through its metabolic pathway is therefore more 
light-sensitive than is the steady level of cGMP itself 
(Kondo & Miller, 1988). 
Despite extensive vidence implicating cGMP as the 
sole second messenger for visual excitation, no direct 
correspondence has been observed between the measured 
cGMP content of the photoreceptor uter segment and 
the membrane conductance that is regulated by the 
cGMP-gated ion channel. While other factors may also 
influence the gating behavior of the channel during visual 
transduction, it is generally agreed that changes in cGMP 
concentration are responsible for the primary events in 
visual excitation (Cote et al., 1986). Foregoing results 
show that total retinal cGMP content responds to changes 
in the environmental il umination, as light during night 
hours significantly inhibited the nocturnal increase in 
cGMP content, decaying to daytime levels. 
In order to determine the participation of cGMP 
synthesis and breakdown in the daily pattern of the 
nucleotide content, guanylate cyclase and phosphodies- 
terase activity were measured throughout the 24-hr cycle. 
Retinal guanylate cyclase varied significantly as a 
function of the time of sacrifice, increasing immediately 
after lights off and peaking at 22.00 hr. The nocturnal 
increase in this activity is presumably related to an 
increase in the number of the active enzyme molecules, 
as suggested by the increase in Vmax at 24.00 hr, as 
compared to 12.00hr, with no change in g m. The 
nocturnal increase in cGMP content (maximal value at 
24.00 hr) followed the increase in guanylate cyclase 
activity, suggesting a causal relationship. Another fact 
that strongly supports this causal relationship is the 
abolishment of the nocturnal increase of guanylate 
cyclase and cGMP levels when the animals are exposed 
to light during the dark phase. 
The recovery of the dark state after a light flash 
requires the resynthesis of cGMP by guanylate cyctase. 
The lowering of the cytosolic calcium concentration 
following stimulation is thought to be important in 
stimulating cyclase activity. Several reports uggest that 
a 20kDa protein referred to as guanylyl cyclase 
activating protein (GCAP) (Gorczyca et al., 1994) and 
a 24 kDa retina-specific protein (Dizhoor et al., 1994) 
impart Ca 2+ sensitivity to the cyclase. In the dark, the 
entry of calcium ions through the cGMP-gated channels 
is balanced by efflux through the calcium-sodium and 
potassium ant±porter. Light leads to the closure of 
channels and decreases calcium influx but appears to 
have no direct effect on Ca2+/Na+/K ÷ ant±porter, which 
results in a drop of intracellular calcium (Yau & 
Nakatani, 1985; Yoshikami et al., 1980). Light-induced 
decreases in intracellular calcium have been measured 
using both aequorin (McNaughton et al., 1986) and fura- 
2 (Ratto et al., 1988), though the amplitude and time 
course of the decreases are still uncertain (Fain & 
Mathews, 1990). Therefore, the pattern of intracellular 
calcium concentration changes in the face of continued 
(in the range of hr) exposure to the stimulus, that would 
explain the changes in guanylate cyclase activity 
described herein, is unpredictable. It remains possible 
that during exposure to steady light or darkness for hours, 
not one single but rather several processes may work 
together, perhaps ynergistically. On the other hand, the 
fact that an increase in a number of active enzyme 
molecules during the dark phase would explain why, 
even at high Ca 2+, there is more activity of guanylate 
cyclase after the lights are off. 
Surprisingly, phosphodiesterase activity did not 
change significantly during the photoperiod. There is no 
ready explanation for the fact that light, in the range of hr. 
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does not increase this activity, while it does so in the 
range of msec. 
Although cGMP content, guanylate cyclase and 
phosphodiesterase activity were measured in the whole 
retina and therefore we could not ascertain the locus of 
the observed phenomena, it seems likely that the daily 
changes described herein took place mainly in photo- 
receptors, as these are the most abundant cells in the 
hamster etina. 
From these results, we cannot exclude the existence of 
multiple activation-deactivation cycles during the light 
and dark phases not resolved in our time scale; however, 
it might be presumed that in response to a continuous 
stimulus, the retina would process the light signal in a 
different way from that in the short term. Under those 
conditions, cGMP levels seem to correlate with guanylate 
cyclase activity, with the phosphodiesterase playing a 
less relevant role. 
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